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Four individual quadruplexes, which are self-assembled in ammonium acetate solution from
telomeric sequences of closely related DNA strands—d(G4T4G4), d(G3T4G4), d(G3T4G3), and
d(G4T4G3)—have been detected in the gas phase using electrospray ionization Fourier
transform ion cyclotron resonance mass spectrometry (ESI-FTICR-MS). The bimolecular
quadruplexes associate with the same number of NH4
 in the gas phase as NMR shows that
they do in solution. The quadruplex structures formed in solution are maintained in the gas
phase. Furthermore, the mass spectra show that the bimolecular quadruplexes generated by
the strands d(G3T4G3) and d(G4T4G3) are unstable, being converted into trimolecular and
tetramolecular structures with increasing concentrations of NH4
 in the solution. Circular
dichroism (CD) spectra reveal structural changes during the process of strand stoichiometric
transitions, in which the relative orientation of strands in the quadruplexes changes from an
antiparallel to a parallel arrangement. Such changes were observed for the strand d(G4T4G3),
but not for the strand d(G3T4G3). The present work provides a significant insight into the
formation of various DNA quadruplexes, especially the higher-order species. (J Am Soc Mass
Spectrom 2007, 18, 1467–1476) © 2007 American Society for Mass SpectrometryDNA quadruplexes, which are formed by guanine-rich oligonucleotide strands by the stacking ofhydrogen-bonded G-quartets (Figure 1a), have
been of great interest to researchers because of their
biological significance and structural applications [1–3].
Of particular interest is a telomeric DNA that consists of
repeating sequences, such as TTAGGG in vertebrates
and TTTTGGGG in Oxytricha. These sequences have
been proven to fold into quadruplexes in vitro and
potentially have the function of inhibiting telomerase
activities. The telomerase, a reverse enzyme expressed
in more than 80% of tumor cells, responds for the
replication of the telomeric DNA and has been consid-
ered as a target for anticancer drug design [4, 5].
Guanine-rich oligonucleotides can also self-associate
into higher-order structures, such as supermolecular
G-wires [6], which serve as artificial ion channels and
ion receptors and which have a wide range of applications
in medicine, materials science, and nanotechnology
[2, 7, 8].
DNA quadruplex structures can be formed from one,
two, or four oligonucleotide strands and are stabilized
by coordinated monovalent cations acting between ad-
jacent G-quartets [1, 9–11]. The strands with single
repeating guanine sequences usually arrange them-
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doi:10.1016/j.jasms.2007.05.003selves from the 5= to the 3= end in parallel four-stranded
quadruplexes, whereas the strands with more than two
tracks of repeating guanine units can form a number of
quadruplexes that are distinguished by their strand
number, strand orientation, and loop types. The struc-
tural topologies of DNA quadruplexes also drastically
change with slight changes of the DNA sequences, with
the nature of the cationic species and with their
concentrations in solution. As a result, the structures
of DNA quadruplexes are far from being fully recog-
nized and have been of concern to researchers be-
cause of their potential implications in biological and
structural applications.
Development in electrospray ionization mass spec-
trometry (ESI-MS) has been shown to be superior in the
analysis of DNA noncovalent complexes in terms of
speed, sensitivity, stoichiometry, and specificity com-
pared to other analytical techniques [12]. Previous work
by ourselves and others have shown that some specific
DNA conformations, such as hairpins, triplexes, and
quadruplexes formed in solution, can survive in the gas
phase [13–20]. This prompted us to explore the struc-
tural properties of DNA quadruplexes with ESI-MS so
as to add new information concerning them.
In the present work, we chose the strands d(G4T4G4),
d(G3T4G4), d(G3T4G3), and d(G4T4G3), which are closely
related to the telomeric sequence d(G4T4G4), and
formed them by removing a guanine residue from the
5= end, the 3= end, or both ends of the strand. NMR
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1468 GUO ET AL. J Am Soc Mass Spectrom 2007, 18, 1467–1476spectroscopy showed that each of the DNA strands
self-assembled into individual bimolecular quadru-
plexes, with distinct topologies, in the presence of
monovalent cations [21–28]. The monovalent cations are
necessary to coordinate in the core of the quaduplexes
and so to stabilize the structures. [Note: Subsequently in
this paper, the sequences will be described as d(G4G4),
d(G3G4), d(G3G3), and d(G4G3), leaving out the consis-
tent intermediary T4.]
The bimolecular [d(G4G4)]2 is formed by two folded-
back hairpins, with two T4 strands looped over and
under the quadruplex connecting diagonal ends of it
(Figure 1b) [21, 22]; four guanines in each strand adopt
alternate syn-anti glycosidic torsion angles and four-
layer stacked G-quartets sandwich three monovalent
cations. This structure distinguishes it from the bimo-
lecular [d(G3G4)]2, [d(G3G3)]2, and [d(G4G3)]2 that coor-
dinate two cations between three stacked G-quartets.
The structure of [d(G3G3)]2 differs from that of the
[d(G4G4)]2 by the absence of a middle G-quartet (Figure
Figure 1. (a) G-quartet structures formed by four
cation complexes formed by the sequences (b) d(
gray balls represent the coordinated monovalen
The parallelograms stand for guanine and the s
thymines in the loop have been omitted for sim1d), so that the guanine bases are arranged 5=-syn-syn-anti-loop-syn-anti-anti-3= in one strand and 5=-syn-anti-
anti-loop-syn-syn-anti-3= in the other [23–26]. In con-
trast, the structure of the bimolecular [d(G3G4)]2 is
special (Figure 1c), in that one guanine residue leaps
over the middle G-quartet, turning an antiparallel
strand parallel to its own half, and so that two dangling
guanines reside at opposite ends of the quadruplex [27,
28]. The bimolecular [d(G4G3)]2 also includes two dan-
gling guanine residues, but these reside on the same
side of the quadruplex (Figure 1e). The guanine bases in
each strand of this alternate syn-anti glycosidic torsion
angles along the stacking quartets [29]. NMR studies
show that these bimolecular quadruplexes retain the
same general folds in Na, K, or NH4
 solution (Figure
1b–d) [22, 24, 25, 28], except for the strand d(G4G3),
which folds into the bimolecular structure (Figure 1e)
only in Na solution, but forms multiple structures in
the presence of K and NH4
 [29]. Using ESI-MS, we
expect to detect specific interactions between strand
and strand, as well as between quadruplex and mono-
ogen-bonded guanines. Bimolecular quadruplex–
), (c) d(G3G4), (d) d(G3G3), and (e) d(G4G3). The
ions. The arrows indicate the strand directions.
d one represents the syn orientation. All of the
y.hydr
G4G4
t cat
hadevalent ammonium ion.
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four-stranded parallel quadruplexes was anomalously
dependent on the species of alkali metal cation in the
solution. They proposed that the bimolecular foldback
quadruplexes were “overstabilized” intermediates and
expected that all of the quadruplexes that were formed
by single- or double-folded strands could finally be
converted to four-stranded parallel structures [30].
Miura et al., using Raman spectroscopy, detected the
transition of the antiparallel bimolecular [d(G4G4)]2 to
the parallel four-stranded structure in the solution
containing Na and K by changing the K/Na ratio
[31]. Miyoshi et al., using CD spectroscopy, observed a
similar transition of the bimolecular [d(G4G4)]2 to the
four-stranded [d(G4G4)]2 induced by the presence of
Ca2 [32].
The purpose of this work is to use ESI-FTICR-MS to
examine the structural features of the sequences of four
different but closely related strands. We detected the
bimolecular quadruplexes in the gas phase that were
associated with the specific number of ammonium ions
as they had been detected in solution. Furthermore, we
observed the higher-order species that are formed by
the strands d(G3G3) and d(G4G3). The structural transi-
tions that occurred in the conversion of the bimolecule
to the higher-order tetramolecule were examined with
CD spectroscopy. Thus, ESI-MS and CD combine to
provide significant insights into the structural features
of the DNA quadruplexes.
Experimental
Sample Preparation
Synthesized oligonucleotides d(G4T4G4), d(G3T4G4),
d(G3T4G3), and d(G4T4G3) (OPC grade), purchased
from TaKaRa Biotechnology (Dalian, China) and used
without further purification, were dissolved in Milli-Q
water and stored as approximately 2 mM concentra-
tions. The exact concentration of each strand was deter-
mined based on its UV absorbances at 260 nm and the
extinction coefficients for them obtained from the web-
site (http://scitools.idtdna.com/scitools/Applications/
oligoAnalyzer).
DNA quadruplexes were prepared by heating the
solutions containing 200 M of each DNA strand and
40 –200 mM ammonium acetate in a 90 °C water bath
for 10 min and cooling the solution to room temper-
ature. Then the samples were stored at 4 °C for more
than 24 h. For the MS analysis, the samples were
diluted with an equal volume of methanol just before
the sample being injected into the ESI source. For the
CD detection, the samples were diluted with an equal
volume of water.
Mass Spectrometry
DNA samples were analyzed with an IonSpec HiRes
Fourier transform ion cyclotron resonance mass spectrom-eter (FT-ICR-MS) (Lake Forest, CA, USA) equipped with a
7.0 T shielded superconducting magnet and a Micro-
mass Z-spray electrospray source. The instrumental
conditions used for this experiment were as follows:
directly infused sample rate, 3 L/min; spray voltage,
2300 V; source and probe temperatures, 80 and 100 °C,
respectively; the sample cone voltage varied from 20
to50 V. Sample spectra were taken in the negative-ion
mode. The generated ions were accumulated in the
external hexapole for 4000 ms and then were shuttered
into the analyzer cell in company with 30-ms pulse of
nitrogen gas to center the ions and to improve sensitiv-
ities. Each spectrum was one scan acquisition with
1024K data points at the ADC rate of 1 MHz.
Circular Dichroism (CD) Spectroscopy
The CD spectra were recorded on a J-810 circular
dichroism spectropolarimeter (Jasco, Tokyo, Japan) us-
ing a micro quartz cell with a 0.5-cm path length. The
wavelength was scanned from 200 to 340 nm at a rate of
500 nm/min. Each spectrum was the average of three
runs. The buffer spectrum was subtracted from each of
the sample spectra.
Note that the ESI-MS data were obtained in 50%
methanol solution, whereas the CD data were acquired
in aqueous solution, with 50% methanol added just
before the spray to enhance sensitivity. No spectral
changes were detected when methanol amounts were
reduced from 50 to 20% except a reduction of the signal
intensities. The 50% methanol was also used instead of
H2O just before CD detection and a similar spectrum
was obtained (see spectrum in the Supplementary In-
formation section which can be found in the electronic
version of this article).
Results and Discussion
Detection of the Bimolecular DNA Quadruplexes
Figure 2a–d shows the ESI-mass spectra of 100 M
DNA strands d(G4G4), d(G3G4), d(G3G3), and d(G4G3),
which were determined in 20 mM ammonium acetate,
in a negative-ion mode and at relatively low sample
cone voltages of 20 V. From Figure 2a it can be seen
that the d(G4G4) generates abundant 5 charged peaks
at m/z 1521.0610 (100%) and at m/z 1524.4682 (36%), as
well as a 4 charged peak at m/z 1905.8914 (7%),
corresponding to the [(G4G4)22NH4]
5, [(G4G4)2
3NH4]
5, and [(G4G4)23NH4]
4 ions, respectively.
(Here we omit each ion’s proton counterions for the
sake of simplicity.) Similarly, the d(G3G4) generates an
abundant 5 charged peak at m/z 1389.4386 (100%) and
a 4 charged peak at m/z 1737.0653 (37%), correspond-
ing to [(C3G4)22NH4]
5 and [(G3G4)22NH4]
4 ions,
respectively (Figure 2b).
In contrast, the mass spectra of the sequencesd(G3G3) and d(G4G3) (Figure 2c and d) are more com-
41470 GUO ET AL. J Am Soc Mass Spectrom 2007, 18, 1467–1476plicated. For the strand d(G3G3), besides the detections
of the bimolecular quadruplex complex ions [(G3G3)2
NH4]
5 at m/z 1254.2230 (10%), [(G3G3)22NH4]
5 at
m/z 1257.6279 (5%), and [(G3G3)22NH4]
4 at m/z
1572.2722 (100%), the less abundant trimolecular and
tetramolecular complex ions [(G3G3)32NH4]
5 at m/z
1883.7307 (5%), [(G3G3)44NH4]
7 at m/z 1797.1869
(3%), and [(G3G3)45NH4]
6 at m/z 2099.7590 (9%) are
also detected (Figure 2c). The strand d(G4G3) generates
bimolecular peaks for [(G4G3)22NH4]
5 at m/z 1389.4346
(34%) and [(G4G3)22NH4]
4 at m/z 1737.0342 (53%), as
well as less abundant trimolecular and tetramolecular
peaks for [(G4G3)33NH4]
5 at m/z 2084.6541 (8%),
[(G4G3)46NH4]
7 at 1990.2732 (4%), and [(G4G3)4
6NH4]
6 at m/z 2321.8962 (3%) (Figure 2d). Here, the
uneven isotopic distribution around the m/z 1737.0342
Figure 2. The mass spectra of 200 M DNA str
detected in a solution diluted with an equal v
(a) d(G4G4), (b) d(G3G4), (c) d(G3G3), and (d) d
indicated.peak is evident. On the basis of accurate m/z values, ionintensities and the space of adjacent isotopic peaks (0.25
or 0.50), the ion at m/z 1737.0342 was assigned to the
bimolecular ion [(G4G3)22NH4]
4, and its neighbor
ion at m/z 1736.7893 was assigned to [(G4G3)NH4]
2.
The detection of the abundant [(G4G3)2NH4]
2 is
interesting in that it may imply a specific structure of a
single foldback strand that associates a NH4
 or suggest
an association mechanism that moves from single to
double to higher-order species.
Previously, a number of DNA quadruplexes have
been detected in the gas phase. These gas-phase struc-
tures are considered to reflect the quadruplex structures
in solution [15–20]. A recent quadruplex study by
Bowers’ group suggests that ESI can be used to charac-
terize the quadruplexes and their interactions with
ligands because the quadruplex ions at lower charge
incubated in 40 mM NH4
 solution for 24 h and
e of methanol at 20 V sample cone voltage:
3). The inserted spectra are zooms of the peaksands
olum
(G Gstates maintain their structures through the electro-
Co
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are applied to the system [19]. In the present work,
individual bimolecular quadruplexes are detected in
the gas phase. NMR solution structures show that the
four-sequence closely related DNA strands form dis-
tinct topological bimolecular quadruplexes in solution,
as shown in Figure 1b–e. The presence of monovalent
cations, such as Na, K, and NH4
, is necessary to
coordinate between adjacent G-quartets and to stabi-
lize the quadruplex structure. In this case, the bimo-
lecular [d(G4G4)]2 consists of four stacked G-quartets
that can associate three monovalent cations (Figure
1b), whereas the other three bimolecular quadru-
plexes, [d(G3G4)]2, [d(G3G3)]2, and [d(G4G3)]2, consist
of three quartets that can coordinate two cations in
solution (Figure 1c– e).
On inspecting the abundant bimolecular peaks at the
5 and 4 charge states that are formed by each
individual strand (Figure 2a–d)—for example, [(G4G4)2
2NH4]
5 and [(G4G4)23NH4]
4 (Figure 2a)—it is ob-
Figure 2.served that the4 charged ions associate with a specificnumber of ammonium ions and that the number just
matches the number of cations coordinated by the
quadruplexes in solution (Figure 1b–e) [21–29]. The
complex ion [(G4G4)23NH4]
4 associates with 3 NH4

ions, whereas the other complex ions [(G3G4)22NH]
4,
[(G3G4)22NH]
4, and [(G4G3)22NH]
4 associate with 2
NH4
 ions. Such specific associations were not observed
for either linear or hairpin DNA strands in our previous
work [14]. This suggests that our ESI-FTICR-MS has
detected the specific interactions between the DNA
complexes and NH4
 at lower sample cone voltage as
they are formed in the solution (Figure 1b–e). Each
bimolecular complex peak at the charge state of 5
associates with the same or fewer numbers of ammo-
nium ions than the peak at the charge state of 4, and
the 5 charged complex ions are observed to lose NH4

more easily than the4 charged complex ions when the
sample cone voltages are elevated (spectra not shown).
This indicates that the higher charged complex ions are
ntinued.less compact and less stable in the gas phase. This
d.
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mobility technique [19].
Detections of Trimolecular and Tetramolecular
Species
Besides the bimolecular species, the strands d(G3G3)
and d(G4G3) generate less abundant trimolecular and
tetramolecular peaks in 20 mM NH4
 solution (Figure 2c
and d). With increasing concentrations of NH4
 from 20
to 100 mM, the abundance of the higher-order ions,
such as the trimolecular [(G4G3)33NH4
] and tetramo-
lecular [(G3G3)44NH4
] and [(G4G3)46NH4
] species
increases, whereas the abundance of single and bimo-
lecular ions decreases. Figure 3 shows mass spectra of
the strands d(G3G3) and d(G4G3) acquired in 50 mM
NH4
 and at a sample cone voltage of 30 V. Here we
use cone voltage of30 V instead of20 V to get better
spectra of higher-order species; in this case the NH4

ions escape from the bimolecular complexes. In con-
Figure 3. The mass spectra of 200 M DNA stra
detected in a solution diluted with an equal vol
inserted spectra are zooms of the peaks indicatetrast, the abundance of the bimolecular quadruplex ionsincreases for the strands d(G4G4) and d(G3G4) with
increasing concentrations of NH4
 from 20 to 100 mM,
but no higher-order species are detected (spectra not
shown). Concentrations higher than 80 mM NH4
 in
solution facilitate the formation of the bimolecular and
the higher-order complexes and suppress the ion sig-
nals in the mass spectra.
Clearly, the concentration of NH4
 present in the
solution plays an important role in promoting the
stoichiometric transitions of the strands from the bimo-
lecular to the higher-order species. Under our condi-
tions, transitions were observed by ESI-MS only for the
strands d(G3G3) and d(G4G3), but not for d(G4G4) and
d(G3G4), even when the latter were incubated in the
NH4
 solution for more than 10 days. Miura et al. found
that the antiparallel bimolecular quadruplex formed by
the strand d(G4G4) was generated at low concentrations
of Na and K, and that the bimolecular species was
converted to the parallel four-stranded quadruplex
when the concentrations of both alkali ions were in-
incubated in 100 mM NH4
 solution for 24 h and
of methanol at 30 V sample cone voltage. The
nds
umecreased in a range of 65–225 mM, the K being more
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Miyoshi et al. observed similar structural transitions of
the antiparallel bimolecular [(G4G4)]2 to the parallel
tetramolecular [d(G4G4)]4 and finally to a G-wire, and
the transitions were induced by the presence of Ca2
[32]. Sen and Gilbert proposed that the foldback bimo-
lecular quarduplexes were overstabilized intermediates
and expected all of the quadruplexes formed by single,
double, or four strands to be finally converted into
four-stranded parallel quadruplexes [30]. In this case,
the transitions of the bimolecular species to the tetramo-
lecular one are probably facilitated by specific structural
and stability characteristics of the bimolecular quadru-
plexes. If [d(G4G4)]2 is compared with [d(G3G4)]2,
[d(G3G3)]2, and [d(G4G3)]2, [d(G4G4)]2 contains one
more G-quartet than the other bimolecular complexes
and so should be more stable. On the other hand, three
parallel strands in [d(G3G4)]2 seem to make its specific
structure more stable.
Mass spectra show that the strand d(G3G3) forms
trimolecular and tetramolecular complex ions. The tri-
molecular complex ion associates with 2 NH4
 ions. The
tetramolecular complex ion associates with a maximum
of 5 NH4
 ions (Figure 2c); the species associated with 4
NH4
 ions is stable when the sample cone voltage is
increased from 20 to 30 V. The strand d(G4G3) gener-
ates trimolecular ions associated with 3 NH4
 ions and
tetramolecular ions associated with 6 NH4
 ions (Figures
2d and 3b). The bimolecular [d(G4G3)]2 contains two
dangling guanine residues residing at the same end of the
quadruplex. These guanines can pair with two other
guanine residues, either from a foldback single strand or
from another bimolecular quaduplex, to form a new
G-quartet. Thus, the combination of two bimolecular
quadruplexes can form seven layers of G-quartets associ-
ated with 6 NH4
 ions, or the combination of a bimolecular
quadruplex with a single strand can form four layers of
G-quartets associated with 3 NH4
 ions. Similarly, the
tetramolecular [d(G3G3)]4 can be formed by the stacking
of two [d(G3G3)]2, which generates six layers of G-
quartets and accommodates a maximum number of 5
NH4
 ions; it can also be formed by four parallel d(G3G3)
stands and so accommodate 4 NH4
 ions.
CD Spectra of the Bimolecular and Higher-Order
Species
Numerous studies have shown that the circular dichro-
ism (CD) technique is sensitive to the strand arrange-
ment in DNA quadruplexes [9–11, 18, 32–40]. For
example, Vorlícˇková et al. studied various topologies of
the quadruplexes formed by the human telomere DNA
fragments G3(TTAG3)n, where n  1–16 [39]. Xu et al.,
using the CD technique, examined the quadruplex
structure generated by the human telomeric sequence
d[AGGG(TTAGGG)3] by substituting the G’s with
8-bromoguanine [36]; this structure had been controver-
sial for a long time. They proposed that the 22 nt in Kforms a mixture of mixed-parallel/antiparallel and
chair-type quadruplexes. Typically, the quadruplex in
which four strands adopt the parallel arrangement
generated a characteristic strong positive peak at 264
nm and a large negative peak at 240 nm, whereas the
quadruplex in which the strands adopt an antiparallel
arrangement showed an intense positive peak at 295 nm
and a large negative peak at 260 nm.
Figure 4 shows the CD spectra of 200 M samples of
DNA strands incubated in 40, 100, 160, and 200 mM
NH4
 for 24 h and detected in solutions diluted with
equal volumes of H2O. The strand d(G4G4) forms an
intense positive peak at 294 nm and a large negative
peak at 260 nm (Figure 4a), as reported previously [32,
33, 35], suggesting the formation of the antiparallel
bimolecular quadruplex shown in Figure 1b. The tran-
sition of the antiparallel bimolecular [d(G4G4)]2 to the
parallel four-stranded [d(G4G4)]4 was detected previ-
ously in the presence of certain concentrations of K
and Ca2 [31, 32]. In the present work, with increasing
concentrations of NH4
 from 20 to 100 mM, both the
intensities of the positive peak at 294 nm and of the
negative peak at 260 nm decrease, suggesting the re-
duction of the concentrations of the bimolecules. How-
ever, no parallel four-stranded quadruplexes were
eventually detected by ESI-MS.
The bimolecular [d(G3G4)]2 generates a character-
istic CD spectrum with two strong positive peaks at
290 and 260 nm, respectively (Figure 4b), arising from
the specific topology of three strands being aligned
parallel in the same orientation (Figure 1c). This
typical CD spectrum generated by the specific type of
strand arrangement has been used to characterize
mixed-parallel/antiparallel quadruplex structures
[36, 39, 40]. The intensities of both positive peaks
increase with increasing concentrations of NH4
, and
no band transition is detected, suggesting that the
bimolecular [d(G3G4)]2 is stable in a range of NH4
 of
20 –100 mM.
CD spectra of the strand d(G3G3) show a positive
peak at 288 nm and a negative peak at 257 nm,
indicating the antiparallel arrangement of strands. The
intensities of both peaks are enhanced when the bimo-
lecular [d(G3G3)]2 is converted to the tetramolecular
[d(G3G3)]4, and no band transitions are detected with
increasing NH4
 concentration from 20 to 100 mM
(Figure 4c). This suggests that no changes in relative
strand orientations occur during the process of stoichi-
ometric and structural transitions.
Interestingly, the strand d(G4G3) shows a strong
positive peak at 291 nm, an intense positive peak at 260
nm, and a large negative peak at 237 nm (Figure 4d),
suggesting the presence of a mixture of the parallel and
antiparallel structures in a 20 mM solution of NH4
.
Cˇmugelj et al. observed that the bimolecular [d(G4G3)]2
was formed only in Na solution, although multiple
structures were formed in the presence of K and NH4

[29]. The enhancement of the positive peak at 264 nm
and the reduction of the positive peak at 291 nm with
d (d
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 from 20 to 100 mM
indicate a structural transition in which the strands realign
from the antiparallel to the parallel arrangement.
Consequently, on the basis of the number of NH4

ions attached in the higher-order quadruplexes and the
CD spectra, we propose that the tetramolecular
[d(G3G3)]4 involves the stacking of two bimolecular
[d(G3G3)]2 quadruplexes. During the association pro-
cess, the relative orientation of the strands does not
change. The trimolecular [d(G3G3)]3 is less abundant in
the mass spectra and is probably formed by an associ-
Figure 4. CD spectra of 200 M DNA strands in
and 200 (triangles) mM NH4
 solution for 24 h a
of H2O: (a) d(G4G4), (b) d(G3G4), (c) d(G3G3), anation of the bimolecular quadruplex with a singlestrand. Its structure is not clear and needs further
investigation.
The tetramolecular [(G4G3)]4 is formed by the asso-
ciation of two bimolecular [(G4G3)]2 quadruplexes,
whereas the trimolecular [(G4G3)]3 involves the associ-
ation of the bimolecular quadruplex with a single
strand of a newly formed G-quartet. During this asso-
ciation process, the strand orientation changes from an
antiparallel to a parallel arrangement.
Sen and Gilbert propose a formation mechanism of
the quadruplex from a single- to a double- to a four-
ted in 40 (circles), 100 (diamonds), 160 (squares),
etected in solutions diluted with equal volumes
) d(G4G3).cuba
nd dstranded structure in which the formation of the bimo-
1475J Am Soc Mass Spectrom 2007, 18, 1467–1476 BIMOLECULAR QUADRUPLEXES DETECTED BY ESI-FTICR-MSlecular structure is the rate-limiting step resulting from
the quadratic dependency on the strand concentration
in the assembly process of the four-stranded quadru-
plexes. As an intermediate, the bimolecular structure
can vary from one form to another [30]. Cˇ rnugelj et al.
observed that the bimolecular quadruplex [d(G4G3)]2
(Figure 1e) was formed only in the Na solution, and
that multiple structures were generated in the presence
of NH4
 and K [29]. The transition of the antiparallel
bimolecular [d(G4G4)]2 to the parallel four-standed
[d(G4G4)]4 was detected when the cation type or the
concentration was altered [31, 32]. Miyoshi et al. sug-
gest that two Ca2 ions bond to the fold bimolecular
quaduplex [d(G4G4)]2 and unfold the structure; the
strands then rearrange alignment in the denatured state
and pair with other strands to form more stable parallel
structures [32]. Xu et al. indicate a possible shift be-
tween the mixed-parallel/antiparallel and the chair-
type quadruplexes formed by the human telomere
sequence in K ion solution [36]. In the present work,
we show that two of the four bimolecular quadruplexes
are not terminal products and are converted to more
stable structures. The transition rates probably depend
on the stabilities and specific structures of the bimolec-
ular quadruplexes, as well as on the solution conditions.
We observed that the presence of certain amounts of
NH4
 initiated the transitions of less stable bimolecular
[d(G3G3)]2 and [d(G4G3)]2 to the higher-order struc-
tures. The bimolecular [d(G4G4)]2 conversion to the
tetramolecular [d(G4G4)]4 was reported [31, 32]. No
transitions of the bimolecular [d(G3G4)]2 have been
detected. During the transition process, the bimolecular
quadruplexes are likely denatured by the coexisting
cations, and then in an unfolded state the loops and the
strands rearrange so as to generate more stable higher-
order structures. This work has shown that the loop
types of the bimolecular [d(G3G3)]2 have probably
changed; thus, two bimolecules associate tightly and
generate the stable tetramolecular quadruplex. In contrast,
the bimolecular [d(G4G3)]2 varies its strand orientation,
associating with a single strand or with itself to form the
stable trimolecular and tetramolecular structures.
Conclusion
The combination of ESI mass spectrometry and CD
spectropolarimetry techniques have provided signifi-
cant stoichiometric and structural information on the
DNA quadruplexes that are self-assembled by the DNA
strands that are closed related in sequence. The se-
quence with two tracks of repeating G’s facilitates a
foldback to form bimolecular quadruplexes. However,
some foldback bimolecular structures are not stable and
are further converted into higher-order species, such as
trimolecular and tetramolecular structures. The concen-
tration and the nature of the coexisting cation play an
important role in both stabilizing the structure and
initiating the structural transitions. This present work
provides an insight into the formation of the higher-order quadruplexes and may reveal important informa-
tion as to how DNA sequences respond to environmen-
tal conditions to form various quadruplexes, as well as
to how the quadruplexes align in the linear chromo-
some or other organisms for specific functions. These
results also show that ESI-MS is a very rapid, accurate,
and sensitive technique for providing structural infor-
mation concerning DNA quadruplexes.
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